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ABSTRACT 

Plasma wave me!rsureinents using instruments on the IMP 6 and 

Hawkeye 1 s a t e l l i t e s  m e  ut i l ized i n  a study of very intense electro- 

s t a t i c  waves near the upper hybrid resonance frequency i n  the region 

jus t  outside the plasnmpause. These intense plasm wave events 

have e l ec t r i c  f i e ld  strengths of - 1 to  20 mV  and are among 
'i c;.,+ 

the ms,: intense waves seen i n  the ear thf  s magnetosphere. Detailed 

studies of w r e  than 1411 of these intense e lect ros ta t ic  disturbances 

reveal that the evects o,?cur a t  a l l  local  times and a t  magnetic 

L 

la t i tudes  varying from tha equator to a s  high as 50cm. The polariza- 
'6 
V 

t ion of these waves is such that  the wave e lec t r i c  f i e l d  vector 

is oriented perpendicular ti2 the geomagnetic f ie ld .  In most cases 

the center frequency of the intense gaves appears to correspond 
. : 

t3 an (n + 1/2),fi, harmonic new the upper hybrid resonance frequency. -- . ' 

\ f5 

A survey of plasma mea~urements made simultaneously using 

the Hawkeye 1 LEPEDEA shows tl:lat the occurrence of the intense 

elec trcs t a t i c  waves i s  not s 5rongly controlled by the in tensi t ies  

of - 1 t o  20 keV electrons, but that  specif ic ge ta i l s  of the hot 

electron dis t r ibut ion f ~ n c  t ,  ion are  d i rect ly  related t o  the wave 

turbulence. All events a t  magnetic la t i tudes  l e s s  than about 10' 

show strong pitch angle anisot;ropy with the greatest  intensit.ies 

a t  CY go0. The hot distr ibution function, f ( v  v,, ), i s  described 



fo r  a few events showing two sources of f ree  energy; a temperature 

anisotropy and a loss-cone distribution. One event shown suggests 

that  a bump-on-tail in  v may also contribute f ree  energy in  sane 
A 

C L L B ~ G .  

-> A possible mechanism for  producing intense waves near the 

upper hybri.d resonance frequency i s  suggested which dram upon , 

/*- - 
current theories applied to the generation of (n + 1/2)f ;bands. 

.gt 

hkidence i s  qiven which suggests the intense e lect ros ta t ic  waves 

may be a source or' nonthennal continuum radiation. 



INTRODUCTION 

This paper describes very intense e lect ros ta t ic  waves occur- 

ring just  beyond the plasmapause a t  frequencies close t o  the local  

upper hybriC resonance frequency, 
fuHR 

The importance of these 

waves i s  accentuated by thei r  large amplitu6es, ranging from about 

1 to 20 mV m-l, making t h ~ x  some of the most intense waves detected 

within tb-e magnetosphere of the earth. 

Weaker bands af e lect ros ta t ic  waves i n  the magnetosphere 

near f have been studied previously. Gurnett and Shaw [1973], 
UHR 

Mosier e t  a l .  [19731, Shaw and Gurnett [19751, and Hubbard and 

Birmingham [1978a,b] have discussed bands of e lect ros ta t ic  emission 

a t  or just  outside the plasmapause. The frequencies of those bands 

varied di rect ly  w i t h  upper hybrid resonance frequency over s. region 

extending from just  inside the plasmapuse, across the abrupt 

decrease i n  plasma density (frequency) a t  the plasmapause, and in to  

the outer magnetosphere. This signature appeared i n  about two- 

thirds of the IMP 6 plasmapallse crossings. The bar.d near f 
UHR 

ac the plasmapause was identified as upper hybrid resonance noise 

( i n  the terminology of Gurnett and Shaw [19731). Outside the 

plasmepause diffuse e lect ros ta t ic  bands and narrow-band electro- 

s t a t i c  noise were identif ied with emission frequencies between 

harmnfcs of tile electron gyrofrequency, f -   haw and Gurnett, 19751. 
g 



The intense ~ e c t r o s t ~ t i c  waves reported i n  t h i s  paper a r e  

probably re la ted  t o  one o r  more of the bands discussed by Shaw and. 

Gurnett [l?75]. In  f a c t ,  the intense bands s tudj  ed here of ten  appear 

t o  be very intense upper hybrid resonance noise. It is  important 

t o  note t h a t  Shaw and Gurnett have suggested the p o s s i b i l i t y  of two 

d i s t i n c t  popidations of events dis t inguishable  by in tens i ty .  

hridence f o r  the two populations i s  presented i n  t h e i r  Figure 7 by 

means of a histogram f o r  the nuuiber of e l e c t r o s t a t i c  noise bands 

a t  31.1 kHz as a funct ion nf peak e l e c t r i c  f i e l d  s p e c t r a l  density.  

The prirmry peak i n  occurrence frequency i s  locatee. a t  about 10 -15 

$ d2 H Z - ~ ,  wi th a small  secondary peak located near $ mm2 HZ". 

The i n t e n s i t i e s  of the bands cont r ibu t ing  t o  the  secondary peak a r e  

s imi la r  t o  the i n t e n s i t i e s  of the waves reported i n  t h i s  papzr. 

In  t h i s  paper we t r e a t  only the  mst intense e l e c t r o s t a t i c  

waves found nzar the plasmapause and consider them t o  represent  a 

c l a s s  of waves unique from the low i n t e n s i t y  bands discussed by 

Shaw and Gurnett [1975], even though the very intense waves a r e  

s imi la r  i n  many respec ts  to  the lower amplitude waves. We seek 

t o  understand why these waves a r e  so much more intense. Since the 

i n i t i a l  report. by Shaw and Gurnett [19751 which alluded t o  the 

existence of intense e l e c t r o s t a t i c  waves near f 
UHR' there  have 

been other  repor t s  of such waves i n  the l i t e r a t u r e .  Gurnett 

[19751 shows a very intense e l e c t r o s t a t i c  wave event i n  h i s  

Figure 13 which appears to  be associated with nonthermal continuum 

radiat ion.  Using the  passive p l a s m  wave receiver  on board GEOS 1 



Christiansen e t  a l .  [19781 detected a s imi la r  intense band near -- 
f- a t  about 6.5 R and suggested it might be an example of coherent 
P E 

e lec t ron  cyclotron harmonic emission. Most recent ly Gurnett e t  a l .  -- 
- 1 [i978] have shown a very intense band (- 7 mV m ) j u s t  outs ide the 

plasmapawe near the lower frequency cutoff  oP the ,lonthermal con- 

tinuum rad ia t ion  detected with the plasma wave rece iver  on IsEF 1. 

Unti l  now, nc concerted e f f o r t  has been made t o  study the occwrerwe 

and o r i g i n  of these waves I n  a systematic manner. It is the purpase 

of t h i s  paper t~ -re  the in tense  e l e c t r o s t a t i c  waves 3eyond the 

plasmapause near f i n  d e t a i l .  We s h a l l  describe tho s p e c t r a l  urn 
cha rac t e r i s t i c s ,  polar izat ion,  and the region of occurrence of the 

waves a s  wel l  as  the assoc ia t ion  of these e l e c t r o s t n t i c  waves with 

o ther  wave ;nodes i n  t he  magnetosghere such as  odd, hzlf-hamonics 

of the e lec t ron  gyrofrequency end non",ermal cont in~lum rndia  t ioc.  

The plasma wave receivers  on board the IMP 6 and Hawkeye 1 

s a t e l l i t e s  a r e  we l l  su i t ed  t o  study e l e c t r o s t a t i c  waves i n  the  

magnetosphere. The sa t e l l - i t e s  were placed i n  highly eccentr ic  o r b i t s  

with g rea t ly  d i f f e r en t  i n i t i a l  i n c l l n a t i o ~ s  of 89.8' and 28.70 ( f o r  

Hawkeye 1 and LW 6, respect ively) ,  honce, l a r g e  portions of the 

magnetosphere have been sam~lcd .  (see Figure 1 of Gurnett and Frank 

[lYi"i'] f o r  an  i l l u s t r a t i o n  of the port ions of the mgnetosphere 

sampled by Hawkeye 1 and IMP 6. ) Each plasma wave receiver  was 

designed t o  sample the broad frequency. range occupied by character- 

i s t i c  frequencies of magnetospheric plasma. The p.lasma wave sensors 



and rece ivers  on board IMP 6 a r e  descrihcd by Gurnett and Shaw [1973] 

and the Hawkeye 1 plasma wave rece iver  i s  described by Kurth e t  a l .  -- 
[ 1975 I 

The in t e rac t ion  of the intense waves w i t h  magrietuspheric 

plasma is important t o  the understanding of the wave generat ion 

mechanism. In support of t h i s  study of intense e l e c t r o s t a t i c  waves 

we s h a l l  present the r e s u l t s  of a survey of the plasmas within regions 

of the intense riave turbulence. Early observations of the plasma 

i n  the region ju s t  outside the plasmapause a r e  given by Schield and 

Frank [1970] and DeFore:;t and McIlwain [1971]. These papers des- 

c r ibe  the earthward edge of the  p l a s m  sheet  and the in j ec t ion  of 

hot plasma sheet  e lec t rons  in to  the e l ec t ron  trough during magnetic 

subs torm.  Anderson [19761 has demonstrated a co r r e l a t ion  between 

intense e l e c t r o s t a t i c  waves above f -  and the in j ec t ion  of 1.2 keV 
t3 

e lec t rons  i n t o  the region j u s t  outs ide the nightside plasmapsuse. 

The preeent study i s  a o t  meant t o  be a comprehensive study of the 

plasm& j u s t  beyond the p l a s m a ~ u s e ,  b u t  r a t h e r  i s  concerned with 

the comparison of these plasmas with observations of intense e lec t ro-  

s t a t i c  waves near f m' 
Measurements of the i n t e n s i t i e s  of e lec t rons  and pos i t i ve  

ions over a n  energy rsnge from about 50 eV t o  40 keV have been gained 

with UPEDEA p l a s m  instrumentation on board the Hawkeye 1 space- 

c r a f t .  The nearly rectangular f i e l d  of view of the plasma analyzer 



is di rec ted  normal to  the spacecraf t  sp in  axis ,  with angular dimen- 

sion 30' p a r a l l e l  t o  the sp in  axis and 8" i n  the plane of ro ta t ion .  

A thin-windowed Geiger-Mueller tube i s  provided as  p a r t  of the 

plasma instrument t o  determine the d i r ec t iona l  i n t e n s i t i e s  of 

e lec t rons  and protons a t  energies E b 45 keV and > 600 keV, respec- 

t ive ly .  Instruments s imi l a r  to the Hawkeye LEPSDEA have been flown 

on the MP and INJUN s a t e l l i t e s  and a r e  described i n  d e t a i l  i n  

Frank i13671. 



11. DESCRIPTION OF TNTENSE ELECTRQSTATIC 6I.EVES 

BEYOND THE PLASMAPAUSE 

A. - Spectral  Properties 

An example of the intense e l ec t ros ta t i c  wave -.vents detected 

by IMP 6 and Hawkeye i s  shown in  Figure 1 t o  i l l u s t r a t e  the main 

characteris t i c s  of the waves. This i l l m t r a t i o n  show6 the average 

and peak e lec t r i c  f i e l d  strengths sampled i n  the eight  nighest f r e -  

quency spectrum analyzer channels of the IMP 6 plasma wave experi- 

ment f o r  a two-hour in te rva l  on January 18, 1972. The sol id  black 

area f o r  each channel has s v e r t i c a l  extent proportional to the 

logarithm of the e l e c t r i c  f i e l d  strength averaged over 5.3-see. 

intervals .  The dots represent the peak e l e c t r i c  f i e l d  strengths 

2etected during each averaging inierval .  The event ?resent i? the 

56.2-k~z channel a t  about 1950 UT and with a peak d e c t r i c  f i e l d  

strength of 4.0 mir m-' is ty-pical cf the ~ l e c t r o s t a t i c  wave events 

discussed i n  t h i s  report.  The locat ion of the plasmapause shown in  

Figure 1 is ident i f ied  by observing sever81 charac te r i s t i c  changes 

occurring nearly simultaneously i n  the plasma wave spectrum and 

spacecraf t-related interference. (For a discussiu:i of methods useful 

i n  determining plasmapause locations by means of various signatures 

i n  plasma wave data see Shaw and Gurnett [19751. ) The dashed l i n e  

labelled fUHR i n  Figure 1 provides an estimate of the upper hybrid 



rescnance frequency and serves only t o  i l l u s t r a t e  the an t i c ipa t ec  

drop of fUHR due to the abrupt decrease i n  densi ty  a t  the plasmapause. 

In  t h i s  case, i t  i s  apparent t h a t  the intense wave svent  l i e s  very 

c lose  t o  the plasmapause. 

A consis tent  fea ture  of the e l e c t r i c  f i e l d  spectrum of the 

waves s tudied here is  t h e i r  narrow bandwi.dth. The spectrum f o r  the 

event shown i n  Figure 1 i s  i l l u s t r a t e d  i n  Figure 2. Notice ';hat 

the intense wave spectrum i s  very sharply peaked a t  56.2 kHz, with 

responses i n  the adjoining channels due p r inc ipa l ly  t o  f i l t e r  over- 

l aps  i n  the spectrum analyzer. The bandwidth of the -aves i s  

typ ica l ly  l e s s  than about 1 0  percent of the center  frequency. Some 

examples of the intense waves appear i n  hign resolu'cion .l,ectrograms 

made from Hawkeye and IMP 6 wideband analog data. Kone of the high 

reso lu t ion  spectrograms show any evidence f o r  intense wave events 

near f having bandwidths g rea t e r  than about 10 percent. Occa- 
UHR 

sional ly,  other narrow spectral- fea tures  a r e  present  a t  higher 

fyequencies i n  conjunction with the band near f m' ar,i these w i l l  

be discussed i n  the sec t ion  on the iden t i f i ca t ion  of the wave mode. 

The in t ens i ty  of tne e l e c t r o s t a t i c  turbulence va r i e s  g rea t ly  

a s  a function of time. The dnts  i n  Figure 1 show the sporadic 

nature of the waves. Variations of more than an order  of magnitude 

i n  e l e c t r i c  f i e l d  s t r eng th  a r e  commonly detected on time sca les  of 

severa l  minutes to  a few seconds. Tne s p c t r u m  i n  Figure 2 

i l l u s t r a t e s  the va r i a t i on  of i n t ens i  t:r over sho r t  time intervals. 



While the average electric f ie ld  spectral density in this example 

is about 7 x 10-l1 $ i2 Hz'', the peak i s  about 3 x ld9 $ i2 

. lhis  represents a variation of' a factr- of about 7 in electr ic  

field strength in  5.3 seconds. 

The intense waves near f usually include a we~k magnetic UHR 

component. Following the terminology of Sbaw and Gurnett [1975], 

we have consistently referred to the waves as being electro- 

static,  b-t as can be seen i n  Figure 3, a splall but measurable mag- 

netic f ie ld component is present. The electric- to-magnetic f ie ld  

energy density r a t io  for this example is about 1600, while the rat io  

is usually equal to or greater than about 1000 for  the ocher events 

detected with jMP 6. In same cases, no magnetic component is detect- 

able. Because the electric-to-magnetic f ie ld  energy density r a t io  

is very large compared to :hat for electromagnetic wafes i n  free 

space, we refer to these waves as electrostatic. It is important 

to mentiotl that magnetic f ie ld  data fo r  the Zreque~cy range of 

interest are available only in  the IMP 6 data. We have assumed 

that features visible i n  the Hawkeye data which are similar to 

IMP 6 events i n  their  electric f ie ld  characteristics also have 

similar magnetic f ie ld properties. 

B. Regions of Occurrence - 
The i n i t i a l  isolation and cbarac terization of the intense 

electrostatic weves discussed i n  th i s  paper were ach'wed through 

a semi-automatic search of plasma wave data acquired with the IMP 6 



and Hawkeye 1 satellites. Electrostatic bands near f are barrow- 
I~rn 

bacd and fiuctuate rapidly in intensity on time scaLes of seconds 

or less. A cunputer algorithm i s  used to select, narrowband 

( ~ / f  4 10 percent) events by seekiw respoones i n  a single channel 

which are stronger by a factor of a t  l e a ~ t  3 than tbe responses i n  

adjacent channels. The algorithm also selects events which exhibit 

rapid fluctuations i n  intensity 3y reqcliring a peak-to-average 

electric f ield strength ratfo greater than about 3. Finally, only 

those events with m a x i r r  electric field strength greeter than about 

1 mV dl are selected. Waves of lower intensity have been studied 

in detail elsewhere [shaw and Gurnett, lg'F]. 

Eltense electms ta t ic  waves a t  lower frequencies, e. g., near 

3f-/2 have been studied extensively [~ennel  e t  a1 1970; Fredricks c - A, 

and Scarf, 1973; Scarf -- e t  al., 19731. Hence, i n  this paper we seek 

to extend the study of electrostatic waves i n  the magnetosphere to 

intense waves a t  frequencies usually much greater than f- i.e., fL 
gJ P 

or f m' While the electron plasma frequency may drop to as low as 

500 Hz i n  portions of the magnetotail, f- i s  usually greater than 
P 

about 5 kHz for m s t  regions of the magnetosphere. The range of 

magnetospheric gyrofrequencies beyon9 the plasmapause i s  about 

500 Hz to 15 kHz. Hence, the search was conducted a t  IMP 6 analyzer 

center frequencies of 5.62, 10.0, 16.5, 31.1, 56.2 and 100 k~z. TWO 

analyzer center frequencies of the ;Iawkeye plasm instrment were 

located a t  slightly different values of 13.3 and 17.8 kHz (versus 

the 10.0- and 16.5-k~z channels of IMP 6). 



Once the list of possible events with narrow spectral struc- 

ture and large, sporadic amplitudes is generated, the process of 

gaining specific i n foy t ion  on individual events must proceed by 

hand. In addition to the intease electrostatic events of interest 

the list includes events for which (1) the mves are clearly electro- 

magnetic, (2) the wave frequencies are well below f- and (3) the 
P' 

waves do not occur within the magnetosphere of the earth, such as 

electron plasma oscillations in  the solar wind. The list is refined 

by hand to accomplish two goals. First, we elimicate events which 

are clearly not electrostatic waves near f -  or f i n  tk  magneto- 
P UHR 

sphere and second, we attempt. to classify and characterize the 

remaining events. The refining process relies heavily on the use 

of high resolution, frequency- time spectrograms which display the 

wideband analog data gained wi th  each of the plasma wave instrwnCs. 

Through our search of over five and one-half years d IMP 6 

and Eawkeye observations we have collected approximately 14j electro- 

stat ic  events with intensities 1 mV dl. The positions of these 

intense events are identified i n  Figure 4, with the figure organized 

to show four &hour segnents of local time centered a t  magnetic noon, 

midnight, dusk, and dawn. Bxitioas determined within each six- 

hour qudrant have been rotated (not projected) into t h s  designated 

nmridional plane (e.g., a l l  local times from 2100 through 0300 are 

rotated into the midnight meridian). The points plotted i n  Figure 4 

represent events detected in each of the six frequency channels fran 

5.62  HZ through 100 k~z. 



It is apparent frcm Figure 4 that intense electrostatic waves 

near the fUHR occur a t  a l l  local times and over a wide range of l a t i -  

tudes, An examination of the local time distribution of the events 

oa a finer scale than that of Figure 4 dces not reveal 

ficant preference for aoy local time. The limits of la t i tudinal  

coverage by the two sa t e l l i t e s  are indicated by dashed lines, with 

coverage within the l imits not uniformly distributed. The apparent 

cutoffs in the occurrence of events near magnetic lati tudes + 50" - 
may represent observational  limit^ and not u p p r  bounds for  the 

phenomena. Orbital coverage is also greatly reduced near the mag- 

netic equator due to  the relatively large inclinations of the orbits 

relative to  the magnetic equator. Because of this  sampling bias 

greater numbers of intense events may lie close to the equator than 

are indicated by Figure 4. Kennel st al. [190] and Fredricks and 

Scarf 119731 have reported increased occurrence frequencies for  

intense 3f 2 and (n + 1/2)f- bands near the equator. 2 8 

With a sample of only 145 events i t  is d i f f icu l t  to  perform 

detailed s t a t i s t i ca l  studies. We believe it i s  significant, however, 

that from the more than five and one-half years of observations 

comprising on the order of 1500 pla~mapause crossings, the intense 

waves were observed during only about 109 of the crossings. This 

implice either that the intense waves are not present most of the 

t h e ,  or that they are confined to localized reg'ms near the plasma- 

pause surface which cover only about 1% of the area normally tra- 

versed by Hawkeye and PIP 6 .  The frequency of occurrence of events 



at; latitudes within - 4 10" of the magnetic equator is significantly 

hi(..wr than 1%. On the order of one of every three passes of 

:@likeye or IMP 6 through the region within 10' of the magnetic 

esruator for 3 6 R 6 8 % =veal intense waves near f m' 
On a few occasions intense electroskatic wave events have been 

detected i n  nearly the same region of the magnetosphere and a t  the 

JS. ae frequency on two consecutive orbits. S- of the event-pairs 

dt.splay striking quantitative similarit ies suggesting these are not 

just random, unrelated occurrences. The observation of similar 

events on succeesive orbi ts  may imply that the lifetinre of these 

inkense wave events can be as  long as two to  four days (the orbi ta l  

periods of Hawbye 1 and IMP 6, respectively). Evidently, the condi- 

tions necessary fo r  the generation'of the intense waves are  present 

f w  periods of time of several hours t o  a few  days and t h i s  lifetime 

cnu'U posse' Ly give clues as to the origin of the waves. A reason- 

able explanation of event lifetimes on the order of a few days is 

that tbe intense electrostatic events are related to  magnetic storms. 

A relationship with storm might also explain the infrequent 

occurrence o ' f;ne events. However, a study of hourly Dst values a t  

timcs whe the intense wave act ivi ty  was detected yielded a poor 

~ o r ~ d a t i o n  between the wave events and magnetic storms. Only about 

.dlP of the events showed any association with storms. The VUU~S 

of 15 duri" th? intense wave events were alao analyred. The d is t r i -  

bution of 16 dur iw the events is not significantly duferent  from 

t k  g distribution fo r  a l l  times, hence, m strong sssociation with 

magnetic activity appears to  exist. 



A strong correlation between wave frequencies and the radial 

distance of intense wave events is observed. This trend is illustrated 

i n  P U w e  5 by plotting the number of events detected in cach frequency 

channel as a function of radial distance fram the earth. The pro- 

gressive decrease i n  wave frequencies of the events with increasing 

radial distances is ~ s ~ k a b l e .  W e  have observed approximately 

15 events for which the band of emission was present for an interval 

of tiPe sufi icient for the frequency to d r i f t  from one channel to 

the next. I n  a l l  of these events, the d14f t  w a s  to  lower frequeucies 

as a fbnction of increasiog radial distance. This relationship is 

almost certainly due to a close physical connection between the fre- 

queccies of these intense bands of electrostatic waves and character- 

i s t i c  frequencies of the local plasma. In  this region of the magneto- 

sphere, both the electron plasrfm frequency and the electron gyro- 

frequency show monotone decreases with increasing radial distance. 

It follows that the upper hybrid resonance frequency decAreases a t  

the 8- time (or over the same region of space). I n  general, the 

intense electrostatic wave events are observed a t  frequencies above, 

a d  often several times greater than f- Therefore, we feel  confi- 
g ' 

dent that the instability is most closely related to either f- or 
P 

=uRR- Evidence is presented in the next section which indicates 

the intense electrostatic turbulence is directly related to f m' 
The electron gyrofrequency ms.y remair! &a important parameter through 

the ( n  + 1 f ~ ) f -  bands. This idea s h a 3  be developed further i n  the 
8 

next eec tion. 



Other parameters which characterize the intense electrostatic 

waves detected near f include the duration (or spatial extent) UHR 

and the distance frau the platampause. These parameters are observed 

to vary greatly in l~agnitude from event to event with the events 

illustrated in Figures 1 and 3 demnstrathg same of these variations. 

For example, notice i n  Figure 3 that the intense waves clearly l i e  

outside the plasmpause, with the center of the event located nearly 

0.5 5 beyond the phsmapause. In  contrast, the event shown in 

Figure 1 Jies just a t  the plasmpause. 15rpically, the events range 

from being just a t  the plasmapause to a few p outside. The average 

distance is about 1.3 I$ fran the plasmapause. The typical event 

lasts about 5 to 15 minutes which translates into an average d i a l  

extent of about 0.35 p. There is wide variability i n  the radial 

extent of the events, ranging from less than 0.1 to  more than 

53' 

C. Identification of the Wave Mode - 
By analyzing the polarization of the intense waves and study- 

ing other nave modes present in the vicinity of the iatense events 

we can gain information necessary to identify the wave ;aode of the 

intense waves. For example, consider the p l a m  uave observations 

gained with Hawkeye 1 on January 31, 1976 during an outbound 

traversal of the magnetosphere near 10 hours magnetic local time. 

A portion of the observations are presented i n  Figures 6a and again 

i n  6b to demonstrate the presence of intense waves with peak electric 



f i e ld  strength. > 10 mV i n  the 31.1-kHz channel between 1840 

and.1853 UT. Figure 6a is divided into three regions according to  

wave polarization. The polarization is determined by analyzing 

the electr ic  f i e ld  amplitude as a function of the angle between the 

+ 
electric dipole antenna and the geomagnetic field,  Bo. The shaded 

regions indicate where the polarization of the waves present is 

such that the electr ic  f i e ld  of the wave is nearly parallel  to 

3 . Regions of the figure lackiag shading or hatching indicate 
0 

where the polmizaCion of waves present is such that the electric 

f ie ld  is nearly perpendicular to  so* The hatching indicates that 

region below f-  c cnsis ting of whistler-mode waves which are not of 
g 

primary interest  here. Superimposed on the presentation of Figure 6b 

is a solid l ine  to  specify the electron gyrofrequency and dashed 

lines fo r  the f i r s t  four (n + 1/2)f- harmonics. The magnetic f ie ld  
g 

intensities required to  calculate f- were obtained by mans of the 
g 

onboard magnet- ter, and were provided by J. A. Van Allen [personal 

cnnanrnication, 19783. Since the spacing of the eight frequency 

charnels is approximately logarithmic, the ordinate of this  figure 

may be defined as  a frequency scale with the baseline of each 

channel marking the p o s i t i ~ n  of the center frequency of that channel. 

A s  shown i n  Figure 6a the polarization of the intense electro- 

utatic turbulence a t  31.1 1EHZ is such tha t  the wave electr ic  f ie ld  

is perpendicular to the gecpagnetic field, k. The perpendicular 

polarization of these wave.- provides the best evidence that the 



waves are most closely related to f and not f-. There are no UHR P 
modes a t  f- which have perpendicular polarizatiom, whereas the 

P 
modes a t  f are a l l  polarized perpendicular to  'Bo [shaw and UHR 

Gurnett, 19781. Other events have been analpzed for  polarization 

with each one showing a perpendicular rather t h n  pa rane l  polar- 

iza tion. 

Figure 6b shows that the intense electrostatic waves i n  the 

31.1-kHz channel l i e  directly a t  the 7f 2 harmonic. Diffuse 2 
electrostatic waves i n  the 23.7- and 17.8-kHz channels also align 

well with the 7f 2 band, but these are very weak. From Figure 6b 2 
one can visualhe a continuous band a t  7f 2 which suddenly inten- 2 
s i f i e s  near 1845 WT. Most of the events studied may be interpreted 

as  intensifications of one of the (n + 1/2)f- bands. 
g 

There is sufficient information available i n  Figure 6a,b 

to identify the frequency of the intensification of the 7fW'/2 band 
g 

as fUHR. The waves i n  the shaded region of Figure 6a, consisting 

of low  amplitude mves with %lib, are a W s t  certainly continuum 

radiation propagating mainly i n  the (L, 0) mode ( i n  the convention 

of Stix [1%2]). The intense wave event is located very close to 

the lower frequency cutoff of the continuum radiation which must 
- 

be f-. Since the intense waves are a t  about 3.5 fg, f p  w fUHR, 
P 

and as discussed above, the perpendicular polarization of the 

intense wave turbulence unambiguously identifies fm as the 

characteris t i c  frequency important i n  the instability. Therefore, 

the event shown i n  Figure 6a,b is an intensification of the 7f 2 

band a t  fm. 
2 



There exist A. .y -ther examples of intense wave events occur- 

rim a t  fm whr.1 fm 1 (n + 1/2)f0 Figure 7 displays IHP 6 uide- 
g * 

band data i n  a mode which cycles through bandwidths of 0.65 to  10 kHz 

ll to 19 and finally 21 t o  29 kHz (not shown) while alternately switch- 

ing between a magnetic loop antenna and an electric dipole antenna. 

During this time interval the electron gyrofrequency is about 1.9 kHz 

(based on IMP 6 measurements of the magnetic f ie ld  obtained frcm the 

National Space Science Data Center, N. F. Ness and D. H. Fairfield, 

principal investigators) and electrostatic bands near 3f 2 and 5f 2 2 
are clearly seen. Cor~tinuun radiation i s  detected i n  the magnetic 

2 

spectrogram w i t h  a lower cutoff a t  15 kHz. ( ~ u e  to the AGC character- 

i s t i c s  of the receiver, the gain of the receiver i s  s e t  much higher 

i n  the mgnetic portion of the cycle allowing the detection of the 

weak continuum radiation. The presence of the intense band a t  about 

15.2 kHz i n  the electr ic  portion of the cycle sets  the gain to a 

low value, hence, the continuum radiation can no longer be detected. ) 

Tfre intense electrostatic band a t  about '>. "- .!s a t  a frequency 

very close to 15f 2. Notice that the e m i s s i o ~  . c 15 kHz are 2 
separated by a frequency very close to f-. Also, i f  the lower fre- 

g 

quency of the continuum radiation i s  f- then f i s  very nearly 
P' UHR 

15.2 kHz. The significance of fm a (n  + 1/2)f0 for  the intense 
g 

wave events w i l l  be addressed i n  the discussion section. 

The question which remains concerning the event i n  Figure 6 

is the explanation of the apparent spread i n  frequency of the intense 

event. It appears that the emissions occupy a very broad band of 



frequencies extending a t  least  from 13.3 kHz to 178 kHz. The responses 

of a U  but the two channels adjacent to  the 31.1-kHz channel are too 

great to be attributed to a single, narrowband signal a t  31.1 kHz. 

mere are three possible explanations for the responses i n  the other 

c h a ~ e l s :  (1) the event i s  broadband, (2) there is distortion due to 

receiver saturation, or (3) the event consists of multiple bands. 

From our survey of t h ~  high resolution spectrograms we can eliminate 

the possibility of the event being broadband since no evidence for 

broadband events has been seen. Without high resolution spectrograms 

fo r  this  specific example, however, the other two possibil i t ies mt 

remain. 

We should point out that evidence of multiple-banded events 

has been found i n  a t  least  one example from observations w i th  the 

Hawkeye instruznent. I n  that case a band was detected above f 
UHR 

which was definitely not the result  of harmonic distortion. The 

spaciag of the two bands was not related to I- hence the upper 
l3' 

band could not be identified as an (n + 1./2)f- harmonic. Specific 
g 

examples of multiple-banded events which are most l ikely due to 

hanaonic distortion can also be found i n  the wideband snalog data. 



1110 SlMULTANEOUS OBSERVATIONS 

OF HOT PLASM*? 

A- - Survey of Properties 

For the 50 intense e lect ros ta t ic  wave events detected with 

the Hawkeye plasma wave instrument, 47 simultaneous measlirements 

of hot plasma distr ibutions a re  ava ihb l e  from the companion 

LEPEDEA plasma analyzer. An i n i t i a l  survey of these plasma obser- 

vations was accomplished by means of energy- time (E- t )  spec tro- 

grams of the analyzer responses, examples of which are  displr yed 

i n  Plates 1 and 2. The proton observations w i l l  not be discussed 

a s  wave frequencies of in te res t  are  suff ic ient ly  high so that  

wave-particle interactions with the protons are  considered to be 

negligible. A t  energies l e s s  than several hundred electron vol ts  

the electron measurements may be aliased by spacecraft charging 

within the range 4 4 L 4 8 [ ~ u r n e t t  and Fra tic, 19761. Therefore, 

we have res t r ic ted the survey to  energies E 2 900 eV (electron 

9 veloci t ies  1.8 x 10 cm sec-l). Such a concentration on the 

ho tter-component of the electron spec trun i s  suppoerted by the 

work of IJrons [1974], i n  *ich i t  was demonstrated that  the greater 

the wave energy of e lect ros ta t ic  waves a t  f > f- the greater the 
g 

energies of the electrons diffused by these waves. 



Zach plate comprises three panels for  the presentation of 

LETEDEA plasm measurements w i t h  a common time base displayed along 

the ordinate of each panel. Identlf ication of spa t i a l  position i s  

provided a t  10-minute intervals by the  inclusion of geocentric radia l  

distatxe, i n  RE, invariant latitude, i n  degrees, and magnetic loca l  

time, i n  hours. The formats of the upper and middle panels a r e  

i d e n t i c ~ l ,  with each color spectrogram accompanied by a plot  of the 

pitch angles of the par t ic les  detected. Numerical values on the 

abscissas of the spec Lrograms are approximately equal t o  the 

logarithm of energy, from 5;' eV to - 20 keV. Pitch angles are dis- 

played l inearly over the range 0" - 180". The systematic samplings 

i n  pitch angles w i t h  a period of - 2 minutes ar ises  from similar 

periods fo r  the spacecraft rotat ion ra te  and the analyzer repeti t ion 

r a t e  fo r  the individual energy scans. The color bar i s  calibrated i n  

-1 uni ts  of the logarithm of the instrument responses, counts sec . We 

w i l l  not be concerned with observations presented i n  the bottcan pe-lel. 

In general i t  can be stated that  measurable in tensi t ies  of 

electrons a t  energies E 3 900 eV have been detected f o r  a l l  except 

one of i;he intense e lect ros ta t ic  wave events f o r  which simultaneou 

observations are available. The durations of measurable electron 

in tensi t ies  were generally greater (but not l ess )  than the typical 

10-minute durations fo r  wave events, however, and the re la t ive  loca- 

t i~ns  of the wavc events within the regions i n  which plasma was 

detected appeared to vary. 



For 2b percent of the cases s tudied the s p a t i a l  (temporal) 

cor re la t ions  a r e  very good between the pos i t ions  of the most incense 

e lec t ron  i n t e n s i t i e s  and wave i n t e n s i t i e s .  Such a case i s  i l l u s t r a t e d  

with the a i d  of Plate  1 and the display of wave i n t e n s i t i e s  i n  Figu. e 

Figure 8. The g rea t e s t  wave in t ens i t e s  a r e  found i n  the 17.8-km 

channel dxring the time i n t e r v a l  2258 - 2305 L;, and are preceded by 

a - 10-minute period of l e s s  intense emissions p r inc ipa l ly  a t  the 

lowc : frequencies. The time i n t e r v a l  of g r e a t e s t  e l e c t r o  i n t e n s i t i e s  

corresponds almost exact ly w i t h  t ha t  f o r  the mst intensa w.,,-e 

~ c t i v i t y .  Other notablz fea tures  of the plasma observations are: 

(1)  a weak pitch-angle anisotropy ea r ly  i n  the one-how- period which 

diminishes i n  amplitude as the range of p i t ch  angles scanned  decrease^, 

(2) gradual increases ic mean energy and i n t e n s i t i e s  i n  the ea r ly  

period p r i o r  t o  - 2258 UT, corresponding t o  the i n t e r v a l  of relative1.y 

weak wave emissions, and (3)  an abrupt decrease i n  i n t e n s i t i e s  a t  

- 2305 UT. This s e r i e s  of observatiolis was gained a t  a comparativel:~ 

high magnetic l a t i t u d e  of 54". The narrow i n t e n s i t y  peaks of la rge  

amplitude which appear t o  'walk' across  the e lec t ron  spectrogram i n  

P la te  1 represent  analyzer responses t o  sca t te red  sola? Lyman-.a 

radiat ion.  

For the 74 percent of the evenix i n  which such a s t r ik!  ng 

co r re l a t ion  is not present  one observes t yp ica l ly  a much broader 

region of plasma-sheet-like plasmas than t h a t  i l l u s t r a t e ?  i ,? P la te  1, 

with the more s p a t i a i l y  confined wave event located w i t h h .  The 

spectrograms do not t yp ica l ly  revea l  noticeable c h a u e s  i n  the 

s ignature of the e l ec t ron  i n t e n s i t i e s  when en ter ing  i n t o  and/or 



exiting from a period (or region) of intense wave activity, though 

s t r ik i ix  examples do exist. Of the events a t  magnetic latitcldes 

greater than 20" virtually all of t!lose events showing poor correla- 

tions between intense wave events and obvious plasma signatures l i e  ' 

a t  magretic local times between about 'r hours end 20 hours. Ewnts 

showing good correlatfons a t  latitudes above 20" l i e  between about 

20 hours and 4 hours w n e t i c  local time. Notice that the event 

with good temporal correlation shown i n  Figure 8 and Plate 1 is an 

apparent exception to  this  local time trend. Local time does not 

appear to affect the wave-plasma cxre la t ion  for  events near the 

magnetic equator. Thus 5t  appears that the presence of measurable 

intensities of 2 W e V  electrons is necessary, but it need not be 

a suff ic ier t  conditicn for  the preser.ne of intense elec5roscatic 

wave activity . 
For 30 per-ent of the events studied the magnetic latitude 

,i the spacecraft was suf'ficiently low and the spin axis appro- 

priately directed to ena5le the plasma analyzer to  sample & wide 

range of pitch angles. In a l l  of the,? 14 events the electron 

intznsities a t  a = 90' and relative minima a t  0' and 180°. 

Typical of these cases are the okservations sumnarized i n  the 

spectrogram of Plate 2, wheie ctni so tropic electron intensities 

ware detected near the magnetic equator for a period of - 25 minutes 

between 2155 and - 2220 IRi. Vlemetry was interrupted in the 

ear l ier  interval 2145 - 2155 UT, but observations r r ior  to signal 

loss i l lus t ra te  the presence of measureable i n t e x i t i e s  over the 



mort limited pitch-angle range then being scanned. After - S 2 0  VT 

the intensit ies of more energetic electrons approached threshold 

levels. The enhanced intensit ies of lower-energy electrons 

detected just  equa torward of the plasmapause (crossed a t  - 2210 VT) 

are the subject of other work and w i l l  not be discussed. 

It i s  i n  the narrow time interval 2204 - 2207 UT that a 

significant departure is noted from the average in energetic 

electron intensit ies over the 25-minute interval of interest. The 

intensit ies of electrons wi th  energies E - - 1-2 keV increase by a 

factor of - 10 a t  pitch angles u - - 90°, thereby increasing the 

magnitude of the previously existing anisotropy. I n  the 2204 - 
2207 UT interval the ra t io  i n  i n t e s i t i e s  between cu = 90° and 70" i~ 

- 10. Plasma wave observations shown i n  Figure rlmns t r a t  2 the 

presence i n  this time interval of an intense weve event with maximum 

electr ic  f i e ld  strengths of - 6 x V i1 a t  100 l i z .  

In sunmmry, the intensit ies of 900-eV electrons i n  the 

vicinity of intense electrostatic wave Zvents and near the magnetic 

ewator  appear to  be anisotropically peaked a t  = 90". For several 

of the everlts noticeable increases in  the intensit ies a t  cr = 90" 

can be closely associated with the presence of intense electrostatic 

wave activity. In these cases the anisotropies In electron inten- 

s i t i e s  can he as great as a factor of - 10 a t  same energies only 

15" - 20" away from a = 90". 

Typical electron intensities a t  10 keV, for example, ranged 

3 4 2 - 1 from- 2 x 10 to - 2 x 10 (cm - sec - s r  - e ~ )  a t u z q O O  and 



low magnetic l a t i t i  3-\ She Ausence in one case of measwab&e 

electron intensit ies t magnetic ' citudes of - 20" during a wave 

event is consistent wi th  the presence of a highly anisotropic 

3 2 distribution wi th  intemit iea i - 10 (an - sec - sr - e~)- '  a t  

equatorial pitch angle a. = 90' and energies of - 10 kev. 

B. Electron Distribution Fuo-tions - - 
In search of f ree  energy sources t o  drive intense electrostatic 

wave growth, the Hawkeye data were surveyed to  isolate those intense 

events for  which simultaneous wave and plasma observations were 

available within several degrees of the magnetic equat. 31.. Four cases 

qualified for  analysis based upon the need of adequate analyzer 

responses a t  pitch angles as small as cr = 30°. Sample densities 

were improved by assuming ihat the electron intensit ies were hemi- 

spherically and gyrotropically symmetric. Electron distri3ution 

functions f ( v  v ) were then constructed for  an energy range 
A' I1 

extending from - 1 to - 38 keV. 

Several sources of free energy have been suggested which 

are based upon velocity anisotropies i n  the hot electron component 

of distribution functions. The signature of one such source is 

the appearance of a positive s l o p  i n  the perpendicular velocity 

cclponent, bf(vA, vll )/bvA > 0, a t  fixed v Variations on the I I  ' 
classical btanpon-tail distribution for the component f (v ) have 

A A 

been studied, fo r  example, by Fredricks [1971] and Young e t  al. -- 
119'733. The criterion is also satisfied a t  small v in the hot 

A 



component by means of loss-cone distributions for which contours 

of fbL, Vrl 1 = constant became indented about the v c i s  [e.g, II 
Ashcur-AbdaUa and Kennel, 1978d. A second signature which 

apparently need not satisfy the above criterion i s  that of s saaU 

temperature anisotmpy for which T&/T~, 2 1 [Ashour-Abdalla and Cowley, 

19741. These two signatures have been observed i n  distribution 

functions obtained with the LEFEDEA plasma analyzer. 

The f i r s t  event to he examined is f m n  April 5, 1977, d r u a  

the outbound portion of orbit 487 and demonstrates the presence of a 

loss-cone distribution a t  the nagnetic equator. The time-his tory 

of the wave event is displayed i n  Figure 10, where it can be seen 

thnt wave activity was intense between - 0415 UT and - 0438 UT, with 

peak activity recorded a t  - 0431 UT i n  the 17.8-k~z channel. The 

intensities of 2 1-keV electrons (not illustrated increased signi- 

ficantly simultaneously with the onset of wave activity, and remained 

a t  large flux levels until after 0500 UT. No significant chat.ges are 

visible i n  the E-t spectrogram for this event a t  - 0438 UT when the 

wave intensities decreased sharply. The electron velcci ty d i s  tri- 

bution function presented i n  Figure ll results from observations i n  

the interval 0429 - 0433 (centered on peak wave activity). It 

possesses a well-dei'ined loss cone a t  pitch apgles a 4 25" with 

9 -1 bf/bv > 0 for v > 2 x 10 cm sec . The distribution finction is 
1 I I 

-6 3 approximately Maxwellian a t  each pitch angle for f G lf31 an sec , 
but tae temperature a t  cu = 15' i s  a factor of - 2 less than that a t  

a = 80'. The temperature decreases unifoxmly with pitch angle i n  

the intermediate angles. 



The dashed line t~sversiag contours of constant phase-space 

density a t  low values of v represents the locations a t  which the 
I 

-1 analyzer response equals 100 counts sec , and serves to del-ineate 

the portion of the distribution function a t  lower v for which the 
A 

counting stat is t ics of the digital-to-analog rate meter require 

increasing attention, Ccntours are not displayed for average reqmnses 

-1 . less t k n  50 counts sec . 
The second of the four events analyzed has yielded a Ustr i -  

h t i m  finction displaying features qualitatively similar to those 

presented i n  Figure ll. The loss cone i s  less-clearly defined, 

but the temperature anisotropy for IJaxwellian f i t s  a t  pitch angles 

cr = 90° and l5O is nearly equal to  2. And again, the temperature 

decreasas smoothly a t  the intermediate values of a. 

The th i rd  event analyzed provides an exay,Ie of an electron 

distribution function which exhibits a loss-cone distribution but 

no significant temperature anisotropy. The time history of the 

wave event detailed i n  Figure 12 indicates that two brief wave 

bursts were recorded in the interval 2342 - 2350 UT, and that 

peak wave intensities of - 0.6 mV mW1 were detected i n  the 

100-kHz chamel. An E-t  spectrogram for this period shows that 

the brief wave everts occurred within a larger time interval of 

- 30 mtnutes duration during which highly anisotropic and energatic 

electron intensities were detected. No corresponditq? changes are 

noted a t  the times of the wave events. The distribution function of 

Figure 13 was constructed from observations acquired in the interval 



2346 - 2350 UT during which the second of the two wave events took 

9 place. Ihe loss cone i s  clearly present a t  v Z 2 x 10 cm sec-l. l I 
The distribution mtiy be ar,pwxinrated by a Mmrellian a t  fixed pitch 

angles and a t  energies E > 10 keV, but i t  i s  less convincing than for 

the f i r s t  two events discussed. KO significant temperature anisotropy 

exists between pitch angles u = 85O and 25O. The distribution is 

is more stroagly peaked a t  large pitch angles a b 75" than for  the 

f i r s t  two cases. 

The fourth distribution function has been obtained from 

plasm observations presented previously in  Plate 2 and discussed 

in conjunction wi+% the wave event of Figure 9. The distribution 

function presented in Figure 14 details the state of the energetic 

electron populatioa in  the interval 2205 - 2307 UT for which peak 

wave activity was recorded. The E-t  spectrogram for the went dis- 

plays a brief period of enhanced electron intersities cantered on 

the time of the l~axirmm wave intensities. No conclusions can be 

drawn about the form of the distribution function a t  pitch angles 

-1 
ar 6 30° as average analyzer responses are < 50 counts sec . The 

distribution is strongly peaked a t  large pitch angles. The gradient 

bf/bv* i s  sufficiently ~ v l l l  a t  m 2 9C0 and velocities 

9 -1 v 2: 6-to-10 x 10 cm sec to suggest the presence of a narrow 
I 

region of zero slope a t  the least and a small bump-on-tail distri- 

bution a t  best. The la t ter  distribution could not be resolved 

with the Hawkeye analyzer a t  those energies. 



Ihc distribution functions presented have been computed 

Cram intensity measulpements gained with a plasma analyzer of f i n i t e  

f ie ld of view which is rectangular and measures 8" x 30'. For 
-b 

analyzer orientations normal to  B the range of pitch angles sampled 

was confined to cu = 90" - + 4"- This presents no concern. However, 

when oriented parallel  t9 'B the 15 ' half-angle pennits the saxupling 

of pitch angles a = 0" to 15" and can resul t  i n  an overestimate 

of phase-space densities a t  the smallest angles. A quantitative 

demonstration of the consequences of a f i n i t e  f ie ld  of view has 

been prepared by choosing an analytic representation for  a loss- 

cone distribution and calculating the distribution function which 

would be deduced from measurements wi th  an analyzer of f ie ld  of 

view 8" x 30'. Contours of constant f(v v ) are presented in 
A' II 

Figure 15 as solid lines for  a subtracted bi-Maxwellian distribu- 

t ion [~shour-~bdal la  and Kennel, 197th I. The free parameters 

- 3 selected ar:. nh = 0.125 cm 
EL 

= 10 keV, E = 3 keV, p = 0.9 iI 
and A = 0. ( B  and A are parameters quantifying tce width and 

depth of the loss-cone distribution as defined by Ashour-Abdalla 

and Kennel 11978al. ) A strong loss cone i s  developed a t  pitch 

angles ar 6 25" with a large anisotropy present a t  greater angles. 

Correspording computed instrument responses are shown by dashed 

lines which differ from the actual contours only a t  pitch angles 

a 4 2S0.. It can be seen that the largest overestimates i n  this 

exampk appear fo r  angles cu 6 15'. 



In  sunnnary, electron distribution func t ions studied reveal 

the presence of temperature anisotropies and/or loss-cone depletions 

which are believed to represent sources of f ree energy for the 

growth of electrostatic waves. The depths of the loss cones a t  

the smallest pitch angles sampled may have been underestimated 

due to the f i n i t e  f ie ld  of view of the plasma analyzer. 



A. - Fbssible Mechanisnls For Generating Intense 

The Harris dispersion relation [ ~ a r r i s ,  19591 undoubtedly 

includes the instabi l j ty  respcinsible for  the generation of the in- 

tense electrostatic turbulence discussed herein, but i t  is not a simple 

task to  determine the way in  which several parameters ac t  together to 

produce the highly unstable mode reported in  this paper. Shaw and 

Gurnett [1975] discuss the application of the Harris dispersion rela- 

tion t o  the electrostatic bands reported in  that paper, including the 

diffuse electrostatic bands and narrowband electrostatic noise. The 

UHR band similar to  that reported by -Nosier -- e t  al. [ l ~ 3 ]  and Gurnett 

and Shew 119731 has been interpreted as Cerenkov noise from energetic 

particle fluxes by Gregory [1971]. Taylor and Shawhan [1974] calculate 

that sufficiently large electric f ie lds  are generated between the local 

plasm frequency and fUm by incoherent Cerenkov radiation from thermal 

electrons to explain the upper hybrid resonance band a t  the wave 

amplitudes treated by Gurnett and Shaw. 

Waves a t  or  near the (n + 1/2)f- harmonics have been reported 
g 

by many, including Kennel -- et. al .  [19701, Fredricks and Scarf [1973], 

and Scarf -- e t  al. [1973] and have been studied theoretically most 

recently by Ashour-Abdalla and Kennel [1978a,b] and Hubbard and 



Birmingham [ 197th I. The l a t t e r  three references show good quali  ta- 

t ive agreement between growth ra te  calculations and the character- 

i s t i c s  of (n + 1/2)f- waves. Ashour-Abdalla and Kennel [1978a] 
g 

demonstrate that  a large number of p lasm parameters control the 

ins tab i l i t i e s .  For example, the cold electron temperature controls 

the spa t i a l  amplification of the waves while tke cold-to-hot electron 

density r a t i o  and the cold upper hybrid frequency control which 

bands a re  unstable. The underlying requirement fo r  ins tab i l i ty ,  

however, i s  that  the electron velocity distr ibution must have a 

region of positive slope with respect to the perpendicular velocity 

component, v . 
1 

A l l  of the above work i n  the theory of e lect ros ta t ic  insta- 

b i l i t i e s  i n  the magnetosphere is important t o  the explanation of 

the intense e lect ros ta t ic  waves discussed i n  th is  paper. The code 

of Ashour-Abdalla and Kennel [1978bl can possibly be extended to 

the frequency range of these waves eas i ly  if the r a t i o  of f 
UHR 

(calculated using the cold electron number density) to f -  i s  not 
g 

exceedingly high [Ashour-Abdalla, personal conxnunica tion]. Even so, 

the plasma must be described by several parameters including the 

cold electron density and temperature as well as a description of 

the hot component, which, as shown i n  Section 111, may take the 

form of a loss-cone distr ibution,  and/or anisotropic dis t r ibut ion i n  

temperature o r  possibly even a bump-on-tail distr ibution i n  v . 
1 



In l i gh t  of the foregoing theore t i c a l  considerations we sug- 

ges t that  the fac t  that the intense e lec t ros ta t i c  turbulence reported 

here is usually found when the band a t  fUHR coincides w i t h  one of 

the (n  + 1/2)f- bands is  l ikely  to  account for the extreme intensity e 
of the waves. While the intensif icat ions of the band near f 

UHR 

have pot been treated d i rec t ly  in  the theory, there is suff ic ient  

informtion available with which to formulate a scenario f o r  explain- 

ing the intense waves. Hubbard 856 Birmingham [1978al offer  a 

c lass i f ica t ion scheme fo r  e l e c t ~ . o ~ t a t i c  emissions between harmonics 

of f -  i n  the magnetosphwe. iiubbard and Birmingham's "class 4" 
g 

emissions include waves similar to  the waves of primary impoa:tance 

i n  th i s  paper i n  that. the "class 4" waves occur between cyclotron 

harmonics near f- 
P* 

Hubbard and Birmingham [1978aI predict wave growth near 

- - 
f if fp  J fm and i f  n /n z 1 where fmc i s  the upper hybrid 
P c h  

resonance frequency calculated using the cold electroa density 

and nc and % are  the cold and hot electron densities, respectively. 

I n  addition to  waves near f -  (a f ) the theory shows much weaker 
P UHC 

growth at  higher and lower frequencies. The condition nc/nh 1 

is consistent with observations of the waves near f since f 
UHR UHC 

approaches fm as n /n+ i n c r a se s .  In addition? the location of 
C A 

the intense waves near the plasmapause probably assures a re la t ively  

large nc/% rat io.  



Ashour-Abdalla and Kennel [1978bI provide a useful  tool  f o r  

applying the theory of (n + 1/2)f- emissions to  waves near f 
g m' 

Figure 4 of that  paper shows reg i  cns of eonconvec t ive  ins tab i l i ty  

as a function of f and nc/n Nonconvective ins tab i l i ty  implies 
UHC h 

large growth ra tes  since the waves do not propagate out of the 

region 3f amplification. The resu l t  of the study of regions of 

nonconvective ins tab i l i ty  is  that  f o r  a wide range of n /n non- c h  

convective growth w i l l  occur only a t  the (n + 1/2)f- band c loses t  
g 

t o  f.mc. Typically, T ~ / T ~ ,  the r a t i o  of the cold- to-hot electron 

temperatures, mst be less thar. about 5 x and 1.5 4 nc/nh < 4 

The scenario, then, i s  that  s low intensi ty  band near f 
UHR 

m y  comonly be observed a t  o r  beyond the plasmapause as reported 

by Gurnett and Shaw C19731 and Shaw and Gurnett L19751. The low 

intensity UHR band may be the resu l t  of incoherent Cerenkov radi- 

a t ion [ ~ a y l ~ r  and Shawhan, 19741. Then, under the proper plasma 

conditions, including the existence of a f r e e  energy source i n  the 

elect1 on dis t r ibut ion function, nonconvec t ive growth may s e t  in 

f o r  frequencies, fw, such tha t  f s f m  D (n  + 1/2)f- assuming 
W (3' 

nC/% L 1.5. The resul t ing waves w i l l  have k >z 
A 71 wherek  and 

k,, are  the perpendicular and para l l e l  wave numbers, respectively. 

Hence, f o r  e1ectrostati.c waves, the wave e lec t r i c  f i e l d  i s  nearly 
d 

perpendicular t o  Bo. A fundamental requirement f o r  the cyclotron 

i n s t ab i l i t y  is the presence of a positive slope i n  the perpendicular 



elec  trcn d i s t r ibu t ion  funct  b n  o r  a temperature anisotropy. 

Furthermore, the cold e lec t ron density ar?d temp~rature  play important 

i o l e s  i n  determining a t  which freq-lencies the iim t a b i l i t y  grows and 

how rapidly. The study of the Hawkeye plasma data does not t r e a t  

the cold electron d is t r ibut ion  but  provides several  p o s s i b i l i t i e s  

for  f r ee  energy sources tu drive the wavcs. It is  s igni f icant  tha t  

the 1 ~t dis t r ibut ion  function of Ashour-Abdalla and Kennel [1978a] 

may be readily f i t  to  the measured d i s t r ibu t ion  functions shown i n  

Section 111. For example, a t  the la rger  ve loc i t i e s  the n d e l  d is -  

t r ibut ion  function i l l u s t r a t e d  i n  Figure 15 displays qua l i t a t iv r  

features s imilar  t o  the sc tua l  f ( v  ,v ) contours of Figures U and 13. 
1 II 

B e n  though the en t i r e  d is t r ibut ion  function rernaix unme&.:. i ed, 

the form of the loss-cone f r e e  energy source indicates that  the 

theories of Ashour-Abdalla [lg@a, >! and Hubhard and Birmingham 

[19'78e! a re  based on reasonable model d i s t r ibu t ion  functions. 

Obviously, the next s teps i n  the study of th i s  i n s t a b i l i t y  a re  t o  

carry plasma measurements t o  lower energies, f o r  example, with 

the ISEE Quadrispherical LEPEDEAs [Frank - e t  2) a 1  19781 and to  more 

closely t m e  the node1 d i s  tribut'on functions u t i l i zed  i n  the 

theore t ica l  work t o  d i r e c t  observations. 

B. Intense E lec t ros ta t i c  Waves a s  a Source of - 
Nonthennal Continuum Radiation 

An issue of s igni f icant  importance i s  whether o r  not these 

intense e l ec t ros ta t i c  waves a re  related to  the generation of a 

aort ion of the ear th ' s  radio spectrum. It i s  reasonable to  examine 



these regions of strong e lect ros ta t ic  waves i n  connection ~ l t h  the 

generation of the nonthermal continuum radiation. Gurnett [1975] 

reported the generation region to be a broad region outside the 

plasmapause a t  r ad ia l  distances between 4.0 and 8.0 RE and between 

ebout 0400 and 1400 hours local  :be. While th is  study reveals the 

intense e lec t ros ta t i c  events a t  a l l  loca l  times, tne radia l  d i s t a n ~ e  

range just  outside the plasmpause is very similar  t o  that found 

fo r  the intense e lect ros ta t ic  waves. A significant  rolat ion be tween 

these ictense t lec t ros ta t ic  waves and the generation of conti~uum 

radiation is found i n  Gurnett and Frank [19761 i c  whick i t  is argut3 

that  continum radiat ion stppears to be correlated with in tens i t i e s  

of 1 to  20 keV electrons i n  the region 4 4 To $ 8, similar tr: the 

electrons apparently involved i n  the instabll iky generating h e  weves 

near f m' 
There are  several ot?er reasons to  expect these electro- 

s t a t i c  waves may be connected with the nonthennai cor.tin~ium. Gwnetc 

showc a typical  spectrum of the continuum r a d i a t i o ~  (see Pigure 4 

c;f Gurnett [1975] ) which has a lower frequer~cy cutoff of e::out 3 kHz 

defined by the local  electron plasma frequency i n  the magne tc>spheric 

cavity i n  which the lower frequency portion of t k  radiat icn is 

trapped. The upper frequency limit of the feature i n  Glrrwtt 's 

spectrum is about 200 kHz, This  range in  frequency i s  very similar 

to  the frequencies of the intense e lect ros ta t ic  waves near f 
UHR 

(c.f., Figure 5). In f a c t ,  a few events were seen i n  the 178-MIZ 



channels of Hawkeye and IMP 6 but those channels were n ~ t  irduded 

i n  the search because of the difficulty in distinguishing between 

:he electrostatic waves and auroral kilome t r i c  radiation. 

Perhaps the most striking evfdence scgeestirg these intense 

waves are a source for the continuum radiation is shown i n  Figure 16. 

An example of an intense wave event 3s shown i n  t t ~ ~  b ~ t t o a  pace1 a t  

about. 0/12 UT centered a t  about 4.3 % from the earth. In the 

interval from about 0720 to U45 UT continuum radiation is seen to 

decrease smothly in ampiitude, presumably as a functicn of some 

distance. The center panel is a plot of the power f l u  of continuum 

radiation as a function of the distance of the sa t e l l i t e  from the 

earth. We assume that the power flux w i l l  decrease as the inverse 

square of the distance between the receiver and a simple, campact 

sourc:. The dashed l ine represents a function with a geocentric 

radial  distance de?endence of Rm2. %ere i s  clearly no reason to 

believe the source for the continuum radiation i s  centered a t  the 

earth bas?d on the center panel. The top panel is another plot of 

the power flux of the continuum radiation, but as a function of 

(R-R' ) where R is the position of the sa t e l l i t e  and R' is the posi- 

tion of the intense wave region. We have assumed that the earth, 

the intense waves, and the sa t e l l i t e  are coninear for  this simple 

demonstration. The dashed l tne i n  the top panel of Figure 16 is 

a function which i s  proportional to (R-R' )-*. There i s  very good 

agreement b e t w e u k e  aassumed geometw and the data i n  this  -- - - -  . .  

top panel. We have made no attempt to do a least  squares f i t  or 



to adjust R' for a better f i t .  We seek only to  d e m n s t i ~ t e  that 

the contiu~uum radiation clearly appears to be radiating frun a 

source near 4.3 Rp and that the source is f a i r ly  canpact. 

There are  several examples similar to  that shown i n  Figure 16 

which strongly suggest the intense waves are  a local source of non- 

thermal continuum radiation (see Curnett's [ 1 ~ 5 ]  Figure 13). 

Another example of this  effect is seen in  the IMP 6 orbi t  76 event 

shown i n  Figure 1. We must say, however, that ms t events do not 

display any direct relationship to continuum radiation. The event 

shown in  Figure 8 shows l i t t l e ,  if any, continuum radiation which 

could be related to  the Antense waves. It is not clear why some 

events appear to be gen~rat ing contiauum radiation and others do 

not. Two possible explanations are that either the wave-wave inter- 

action converting electrostatic waves into the elec tramagne t i c  mde 

is sanetimes very inefficient or  non-existent or there is a propa- 

gation effect which dictates regions or directions i n  whici~ the 

waves w i l l  not propagate. An example of the l a t t e r  case night be 

a wave-wave interaction which yields waves strongly beamed i n  parti- 

cular directions as defined by wave-vector selection rules for that 

interaction. 

It i s  ra t  the purpose of this  paper to  prove that the intense 

electrostatic waves report cd here are solely responsible for  the 

ge-~ra t ion  of the nonthennsl continuum radiation. We have shown, 

however, that several features of the electrostatic waves make them 

a possible source of continuum radiation. The event shown i n  



~igure 16 strong&y suggests that iptPnse electrostatic waves are at 

-least secondary sources of aonthem contiman radfation, even if 

there are other mechanisms producing the bullr, of the electmDpegnetic 

radiation. 



We have described a class of very intense electrostatic waves 

located a t  or jus t  outside the platampame near the upper hybrid 

resonance frequency- The waves a t  amplitudes fram - 1 to 20 mv 

are only observable i n  about 10$ of the pLasrmpause crossings nrrde 

by the Hawkeye 1 and IMP 6 satellites, however, tbey are ambog the 

most tntense plasma waves seen in the mgnetosphere. The observable 

cbnracteristics of the waves are: 

1. Ihe waves are often very intense, > 10 mV 1 - l a  

2 . The waves are narrowband and fluctuate rapigly i n  intensity. 

3- The waves are found a t  a l l  local times sn a magnetic Latitude 

range from the equator to a t  least - + 50" 

4. The waves occur a t  or just outside the plasmapause and the 

Wher  frequency events are found generally a t  smaller radial d is -  

tances, i.e., closer to the plasmapause. 

5. The wves usually l i e  between harmonics of f-  a* 
6. The waves also l i e  near fm. 

7. The waves are polarized such that the wave electric field i s  

perpendicuhr to the geamgnetic field. 

8. There i s  a small nsgnetic field ~ormponent to the waves i n  

many cases, but the elec tric-to-magnetic field energy density ratio 

i s  always very large. 



In addition, evidence is given which strongly suggests the vave 

events are a t  least secondary sources of nonthermal continurn 

radiation. 

Plasma ppeasurements take0 sinultaneously w i t h  the detection 

of the intense waves show only a f a i r  correlation with intensities 

of electrons i n  the energy range from about 1 to 20 keV. However, 

all events detected a t  the magnetic eqmtor when an ample range of 

pitch angles is -led show evidence of pitch angle anisotrcpies 

in  favor of u = go0. Measurements of the velocity distribution ftmc- 

tion for events detected a t  the magnetic equator reveal two sources 

of free energy; a loss-cone distribution, and a temperature anisotmpy 

T T  : 1 There i s  a suggestion of a possible third source of 

free in the form of a bumpon-tail in  v . 
A possible explanation of the intense electrostatic waves 

near f nsay exist in the theory of Pailti-cyclotron emissi~ns. The m 
theory predicts Lnrge spatial growth rates i n  the (n + 1/2)f'- band 

8 

including fwc whiie growth rates a t  other frequencies are smaller. 

The theory is based on a loss-cone distribution function which i s  

qualitatively supported by simultaneous plasma measurements. 
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FIGURE CAPTIONS 

Plate 1 

Plate 2 

An energy- time spectrogram for  LEPEDEA plasma obser-. 

vations i n  the period 2230 - 2330 IJT on April 23, 1976. 

This spectrogram was obtained during the high lati tude 

waw event shown i n  Figure 8. The time correlation 

of the electron intensit ies a t  about 1 keV witn the 

intense electrostatic waves seen i n  Figure 8 i s  very 

good. 

An energy-time spectrogram for LEPEDEA plasma obser- 

vations i n  the period 21h0 - 2240 IIT on August 15, 1975. 

This spectrogram was obtained a t  the magnetic equator 

during the intense electrostatic wave event shown i n  

Figure 10. Note the highly anisotrogic electron 

intensit ies a t  about 1 keV between 2200 and 2210 UT. 

Plates 1 and 2 w i l l  be -published i n  color. 



Figure 1 An example of intense e lec t ros ta t i c  waves detected just  

a t  the plasmapause by the University of Iowa plasma wave 

instrument onboard the IMP 6 s a t e l l i t e .  The sol id  black 

areas have a ve r t i c a l  extent proportional to  the average 

e lec t r i c  f i e l d  strength during 5.3 second averaging 

intervals. The dots indicate the peak e lec t r i c  f i e l d  

detected during the same interval.  

Figure 2 The e lec t r i c  f i e l d  spectrum of the intense e lec t ros ta t i c  

wave event shown i n  Figure 1. Notice the intense waves 

are  sharply peaked a t  56.2 kHz and the peal-.-to-average 

r a t i o  is about 30, indicating large fluctuations i n  

in tensi ty  on a time scale of a few seconds. 

Figure 3 Another example of interne waves as meesured by tke 

6 instrument.  his event is approximately 0.5 R~ 

outside the plasmap&use. The magnetic spectrum analyzer 

data shown i n  the lower panel indicate the presence af 

a re la t ively  small magnetic component f o r  t h i s  event. 

The e lect r ic-  to-magnetic f i e l d  energy density r a t i o  

f o r  t b ? s  example is about 16OCi. 



Figure 4 A display of a l l  intense e l e c t r o s t a t i c  1,ave events 

( I E I 3 1 mV m-l) detected during over f i v e  and one- 

half year; of observations with the Hawkeye 1 and 

IMP 6 s a t e l l i t e s .  Each of four quadrants i n  magnetic 

l o c a l  time a re  ro ta ted  i n t o  the noon-midnight and dawn- 

dusk magnetic meridian planes shown here. Notice the 

wide range of l a t i t u d e s  a t  which the intense waves a r e  

detected. The events a l so  occur a t  a l l  l o c a l  times. 

F i ~ e  5 A s e r i e s  of histograms showing the number of ic tense  

e l ec  t ro s  t s t i c  wave events with e l m  t r i c  f i e l d  amplitudes 

g rea t e r  than about 1 mV m-' a s  a funct ion of r a d i a l  

distance. Each h i s  togram represents  the events detected 

a t  each of s i x  d i f f e r en t  frequencies.  The h is  togram 

:-abelled "- 10 kqz" comprises events frovn IMP 6's 10-kHz 

c h a m e l  and Hawkeye's 13.3-kHz channel and the histogram 

l abe l l ed  "- 17 kHz" combines the events from the 16.5- 

and 17.8-k~z channels Prom IMP 6 and Hawkeye 1, respec- 

t ive ly .  Notice the trend towards lower frequencies a t  

g rea t e r  distances,  implying th6 t  the i n s t a b i l i t y  i s  

c lose ly  r e l a t ed  t o  e i t h e r  f o r  f- .  
UHR P 

Figure6 a. A display of plasma waw measurements of an  intense 

wave event detected by Hawkeye 1 witn a sunnnary of po lar i -  

za t ion  mea~urements superimposed over the data. Ttie sp in  



modulation seen in many of the features has been analyzed 

t o  determine the orientation of the wave electric f ie ld 

with respect to the geomagnetic field. The shaded regions 

are regions of frequency and time where all  waves are 

polarized such that ai$,, c ~ m i s t e n t  with the polarization 

of nonthermal continuum radiation. The unshaded region 

indicates frequencies and times, including the intense 

electrostatic event a t  31.1 kHz, when waves with measure- 

able polarization have electr ic  f ie lds  oriented perpendi- 

cular to so. This  polarization unambiguously identifies 

fm as the characteristic frequency cf the intense 

waves (see text). The hatched region consists of whistler- 

mde turbulence. 

b. A display of plasma wave measurements of the same 

event shown i n  Figure 6a, but averlaid w i th  lines a t  f- 
g 

and the lower order (n + 1/2)f- bands using the ordinate 
g 

as a frequency scale. Notice that a large number of 

the features present in this  ccmplex region l i e  a t  or 

near the (n + 1/2)f- harmonics. I n  particular, the 
g 

intense event a t  31.1 kHz l i e s  directly a t  the '7f-12 
g 

harmonic. 



Figure 7 A high-resolution frequency time spectrogram of intense 

electrostatic waves which occur not only a t  an (n + 1/2)f- 
8 

harmonic, but also near f m* The gyrofrequency for t h i s  

event i s  about 1.9 kHz and fm (using the l w e r  frequency 

cutoff of the continuum radiation for  f- ) is about 
P 

15.2 MiZ. 

Figure 8 A high latitude, intense electrostatic wave event to  be 

compared to the plasma m e a s e a t s  shown i n  Plate 1. 

The t h e  correlation between the presence of the intense 

waves i n  the 17.8-lr~z chamel and electron intensities 

near 1 keV is very good. 

Figure 9 An intense electrostatic wave event a t  1 0  kHz located 

near the magnetic equator. The energy- time spectrogram 

fo r  plasma measurements gained dsring t h i s  event is 

shown on Plate 2. 

Figure 10 An electrostatic wave event for  which an electron 

velocity distribution has been measured and shown i n  

Figure U. The intense signal of interest  occurs i n  

the 17.8-k~z channel between about 0415 and 0435 UT. 



~ i g u r e  11 A continuation of Figure 10 which presents the electron 

velocity distribution function f mu I.XPeDEA observa tioas 

in  the period 0429 - 0433 UT on April 5, lm. The area 

to the l e f t  of the dashed l i n e  through contours of con- 

s tant  f (v  ,v ) is a region a t  small  v for  which the 
1 li I 

plasma analyzer responses are < 100 counts sec'l. 

Figure 12 The intense electrostatic wave event for which an 

electron velocity distribution bas been measured and 

shown i n  Figure 13.  his event, near 2345 UT i n  the 

100-kHz channel, exhibits extreme fluctuations in  

amplitude on a time scale of minutes. 

Figure 13 A continuation of Figure 12 which presents the electron 

velocity distribution function for  the period 2346 - 
2350 UT on Novenber 17, lw5. 

Figure 14 A continuation of Figure 9 and Plate 2 which presents 

the electron velocity distribution function for  the 

period 2205 - 2207 UT on August 15, 1975. 

F- 15 Contours of comtant phase-space density for a bi- 

Mtaxwellian distribution function with parame ters 

-3 = 3 k e V , E  =lOkeV, A=Oand  nH = 0.125 41 L 

B = 0.9 (solid l ines)  and the contours which resul t  



f m  the! detection of that distribution with an analyzer 

whose f ie ld  of view is the same a s  that  fo r  the Hawheye 

IBlXDEA (dashed lines). 

F i m  16 A demonstration of an intense e lectrosta t ic  wave event 

as  a local, compact source of motherma1 continuum 

radiation. Pbrer flux plotted as a function of rad ia l  

distance from the ear th  i n  the center panel does not 

show the d2 dependence expected f o r  a source centered 

a t  the earth. Hawever, the plot  of power flux as a 

function of the distance frcm the intense event centp-ed 

st 4.3 P shows a defini te  (R-R' )-2 dependence. 
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IMP 6. ORBIT 76. JAN. 18, 1972 

A~TENSE- ELECTROSTATIC -* / :. WAVES 
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Figure 1 
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IMP 6, ORBIT 202, JUNE 24, 1973 
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Figure 3 
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Figure 4 



HAWKEYE I AND IMP 6 

RADIAL DISTANCE IRE: 

Figure 5 



HAWKEYE I, ORBIT 286, JANUARY 31, 1976 
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Figure 6a 
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HAWKEYE I, ORBIT 286, JANUARY 31, 1976 
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IMP 6 ORBIT 29 
JULY i I, 1971 
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Figure 7 
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HAWKEYE I, ORBIT 324, APRIL 23, 1976 
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M E Y E  I, ORBT 205, AUGUST 15, 1975 
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D-G78-871 
HAWKEYE I, ORBIT 487, APRIL 5,1977 
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Figure 10 





D-G78-838 

HAWKEYE I, ORBIT 250, NOVEMBER 17 1975 
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Figure 12 
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WUATION OF ANALYZER RE- 
FOR FINITE FIELD OF VIEW 

ELECTRON VELOCITY DISTRIBUTKHJ 
f N', vII). CM* S E C ~  



UT(HR MN) 05C3 0600 0706 0800 0900 1000' 1100 1200 1300 

R (RE) 2.80 1.71 3.91 588 7.53 9.04 10.31 11.51 12.54 

Xm (DEG) 27.10 -69.30 -4.79 15.21 25.93 33.1 1 37.50 40.23 41.41 

LT (HR) 17.5 4 0  5.6 5.7 5.8 5.8 5.8 5.8 5.9 

HAWKEYE I, ORBIT 488, APRIL 7, 1977 

Figure 16 


